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ABSTRACT 
 
 
 
 
With growing concerns over our environment, more and more automakers, governments 
and customers think that the electric vehicles are the possible alternative mode of 
transportation. Since electric motors play an important role in Electric Vehicles (EVs), 
Hybrid Electric Vehicles (HEVs), and Fuel Cell Electric Vehicles (FCEVs), there is a 
pressing need for researchers to develop advanced electric vehicles to help reduce 
carbon emission. As one of the candidates, permanent magnet flux switching machine 
with additional field excitation has several attractive features compared to permanent 
magnet synchronous machines (PMSM) conventionally employed in EV. The variable 
flux control capability and robust rotor structure make this machine becoming more 
attractive to apply for high speed and torque motor drive system coupled directly to the 
wheel. This study deals with an investigation into design improvement of a 6Slot-7Poles 
HEFSM with less rare-earth magnet for in wheel traction drives of EVs application. The 
performance of the improved design motor has produced higher torque with 61% 
improvement compared to initial design motor, whereas the maximum power has 
achieved 129 kW which is greater than the target value.  
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ABSTRAK 
 
 
 
 
Dengan peningkatan pemikiran kearah menjaga alam sekitar, semakin banyak industri 
pembinaan kereta, kerajaan dan pelanggan berfikir bahawa kenderaan elektrik adalah 
kaedah alternatif yang dapat digunakan sebagai kaedah pengangkutan. Oleh kerana 
motor elektrik memainkan peranan yang penting dalam Kenderaan Elektrik (EVS), 
Kenderaan Elektrik Hibrid (HEVs), dan Kenderaan Elektrik Cell Bateri (EVS), terdapat 
keperluan tinggi bagi penyelidik untuk membangunkan kenderaan elektrik yang canggih 
untuk mengurangkan pelepasan karbon ke atmosfera. Sebagai salah satu calon, mesin 
pensuisan flux magnet kekal dengan pengawalan flux mempunyai beberapa ciri-ciri 
menarik berbanding dengan mesin magnet segerak kekal (PMSM) konvensional yang 
digunakan di dalam EV. Keupayaannya mengawal fluks dan struktur pemutar teguh 
membuat mesin ini menjadi lebih sesuai untuk medapatkan kelajuan dan tork tinggi 
untuk memandu sistem motor yang dipasang terus ke roda. Kajian ini menumpukan 
untuk meningkatan reka bentuk 6 Slot-7 Poles mesin pensuisan flux hibrid dengan 
pengawalan flux (HEFSM) dengan menggunakan kurang magnet bumi untuk memacu 
roda kenderaan elektrik (EVS). Prestasi rekabentuk motor bertambah baik dalam 
menghasilkan tork yang lebih tinggi dengan peningkatan 61% berbanding dengan 
rekabentuk motor asal, manakala kuasa maksimum telah mencapai 129 kW yang 
melebihi sasaran yang ditetapkan. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1  Introduction 
 
With the advent of more stringent regulations related to emissions, fuel economy, and 
global warming, as well as energy resource constraints, electric, hybrid, and fuel-cell 
vehicles have attracted increasing attention from vehicle manufactures, governments, 
and consumers. Research and development efforts have focused on developing advanced 
and efficient energy systems. In recent decades, oil consumption of the transportation 
sector has grown at a higher rate than any other sector. Europe started enforcing tighter 
regulations to curb the release of harmful CO2 emission into the atmosphere, vehicle 
makers around the world are pursuing the development of fuel-efficient cars to cater to 
their renewed demand [1]. 
Due to awareness of the greenhouse effects that are directly related to vehicle 
emissions, government agencies and organizations have pours money into research and 
development of electric vehicle. The Malaysia government for an example through The 
Ministry of Energy, Green Technology and Water is allocating RM120 million to Proton 
for research and development purposes in 2013 [2]. Moreover, reviews of the National 
Automotive Policy (NAP) state that the government will lift the freeze on manufacturing 
licenses for hybrid and electric vehicles [3]. Meanwhile, PROTON is urged to be more 
aggressive in competing with foreign vehicle manufacturers especially for hybrid and 
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electric cars where there has been encouraging demand from users on that model due to 
additional incentives given by the government 
Basically, there are two class of EV drive train system. First is centralized motor 
drive with reduction and a differential gear. While the second is in-wheel direct drives 
with independent power electronics control system. However, till right now the 
centralized drive appears to be more popular partly due to its similarity with existing 
ICE based system. The in-wheel direct drive configuration is gaining popularity as a 
more electric motor based system that offers potential superior features. In addition, due 
to the elimination of mechanical transmission, differential gears and drive belts, the in-
wheel direct drivetrain provides quick torque response, higher efficiency, weight 
reduction, and increased vehicle space. 
 
1.2  Problem Statement 
 
 
In order to provide high torque density with excellent efficiency and overload capability, 
permanent magnet synchronous machines (PMSMs) with an outer-rotor have been 
proposed for in-wheel direct drive motors of EVs. However, demagnetization and 
mechanical damage of rotor’s magnet is among the serious problem especially when 
used in extreme driving conditions. On the other hand, switched reluctance motor 
(SRM) offers a simple and rugged rotor structure where no PM used as compared with 
PMSM. Therefore, SRM is more robust against mechanical and thermal impacts. 
Nevertheless, SRM produces large torque ripples which are not suitable for direct drive 
power train. More recently, research and development on permanent magnet flux 
switching machine (PMFSM) is become more attractive due to several excellent features 
of physical compactness, robust rotor structure, higher torque and power density, and 
high efficiency. The rotor is salient and robust without winding or PM. As the magnets 
are located on the stator, the temperature rise of the magnets is easily managed. Thus, 
the PMFSM can inherit selected advantages of both of the PMSM and SRM. The 
PMFSM was first introduced as single-phase alternator in 1955, while a three-phase 
machine was first reported in 1997. As such of advance machines, it was widely used in 
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many applications such as in aircrafts, automotive traction drives, and wind power 
generations  
Since, the outer-rotor configuration is more suitable for direct drive, the PMFSM 
with outer-rotor has been proposed only for light EV applications [4]. It provides 
essentially sinusoidal back-electromotive force (emf) and high torque at low speed. 
However, constant PM flux of PMFSM makes it difficult to control which requires field 
weakening flux at high speed conditions. In addition, with rapid increased in the price of 
rare-earth magnet, the cost of the motor is also become higher. Therefore, as one of the 
candidate that can overcome the problems, a new structure of outer-rotor hybrid 
excitation flux switching machine (ORHEFSM), consist of less rare-earth PM and field 
excitation coil (FEC) on the stator. The proposed motor has simple in structure and 
expected can provides much higher torque and power density.  
In this paper, design improvement and feasibility studies are conducted on a new 
6Slot-7Pole ORHEFSM to achieve the target performances for EV applications. Chapter 
3 illustrates the initial design structure of the proposed motor. The design restrictions 
and specifications of ORHEFSM are based on the interior permanent magnet 
synchronous machine (IPMSM) installed in Toyota Lexus RX400h as described in 
Chapter 3.   
 
1.3  Objectives 
 
 
The objectives of this research is  
1 To propose a design improvement of 6S-7P Outer Rotor Permanent Magnet Flux 
Switching Machine with Hybrid Excitation Coils for Electric Vehicle applications.  
2 To analyze the performances of the design motor under no load, load, torque and 
power. 
3 To improve the performances of the proposed machine under similar machine 
restrictions and specifications installed in existing electric vehicle.  
 
 
 
 
  
 
 
 
CHAPTER 2 
 
 
 
 
OVERVIEW OF FLUX SWITCHING MACHINES (FSMS) 
 
 
2.1  Introduction 
 
 
The first concept of flux switching machine (FSM) was founded and published in the 
mid 1950’s [5]. In a permanent magnet flux switching machine (PMFSM), i.e. 
permanent magnet (PM) single-phase limited angle actuator or more well-known as 
Laws relay, having 4 stator slots and 4 rotor poles was developed, while in [6] it was 
extended to a single phase generator having 4 stator slots, and 4 or 6 rotor poles. Over 
the last ten years or so, many novel and new FSM topologies have been developed for 
various applications, ranging from low cost domestic appliances, automotive, wind 
power, aerospace, and etc. 
 
2.2  Classifications of Flux Switching Machine (FSM) 
 
 
Generally, the FSMs can be categorized into three groups that are permanent magnet 
flux switching machine (PMFSM), field excitation flux switching machine (FEFSM), 
and hybrid excitation flux switching machine (HEFSM). Both PMFSM and FEFSM has 
only PM and field excitation coil (FEC), respectively as their main flux sources, while 
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2.3  Permanent Magnet Flux Switching Machine (PMFSM) 
 
 
PM machine based on the principle of flux switching have been studied for several 
decades. Generally, such machines have a salient pole rotor and the PMs which are housed 
in the stator. A three-phase FSM based on the homopolar flux principle and the bipolar 
flux principle, while a new type of single phase and three-phase PMFSM in which a pair 
of PMs is embedded on the stator were reported in [7], respectively. Various examples of 
three-phase PMFSM are illustrated in Fig. 2.2. 
Fig. 2.2(a) shows a typical three-phase 12S-10P PMFSM, where the salient pole 
stator core consists of modular U-shaped laminated segments placed next to each other 
with circumferentially magnetized PMs placed in between them. For the flux switching 
principles, the PM magnetization polarity is being reversed from one magnet to another. 
The stator armature winding consists of concentrated coils and each coil being 
wound around the stator tooth formed by two adjacent laminated segments and a magnet. 
In the same figure, all armature coil phases such as A1, B1, C1, A2, B2 and C2 have the 
same winding configuration and are placed in the stator core to form 12 slots of windings. 
The salient pole rotor is similar to that of SRMs, which is more robust and suitable for 
high speed applications, and the difference in the number of rotor poles and stator teeth is 
two. 
Figure 2.1 Classification of flux switching machines (FSM) 
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In addition, since the flux path generated by mmf of the armature windings and 
PMs are magnetically in parallel, rather than in series as in conventional IPMSM, the 
influence of the armature reaction field on the working point of the PMs is almost 
eliminated. As a result, the specific electric loading and the specific torque capability of a 
PMFSM can be increased. In addition, a high per-unit winding inductance can be readily 
achieved. Thus, such machines are eminently suitable for constant power operation over 
a wide speed range, i.e., they can have a high flux-weakening capability. 
Similar to the fractional-slot PM machine with no-overlapping windings, alternate 
poles wound windings can also be employed in the three-phase 12S-10P PMFSM in order 
to be fault-tolerant PMFSM. 
 
The armature windings from Fig. 2.2(a) are reduced by removing A2, B2 and C2 to form 
a total of 6 armature windings as shown in Fig. 2.2(b).In the figure, the similar quantity 
of PM is employed with similar polarity, but with less usage of armature coil which gives 
the advantages of less copper loss. 
However, the conventional PMFSM in Fig. 2.2(a) and (b) have the demerit of high 
PM volume. Therefore, in order to reduce the usage of PM, the stator poles without 
armature winding in the Fig. 2.2(b) can be replaced by a simple stator tooth 
Figure 2.2: Examples of PMFSMs (a) 12S-10P PMFSM (b) Fault-tolerance PMFSM 
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The general operating principle of the PMFSM is illustrated in Fig. 2.3, where the 
black arrows show the flux line of PM as an example. From the figure, when the relative 
position of the rotor poles and a particular stator tooth are as in Fig. 2.3, the flux-linkage 
corresponds to one polarity. However, the polarity of the flux-linkage reverses as the 
relative position of the rotor poles and the stator tooth changes as shown in Fig. 2.3 i.e., 
the flux linkage switches polarity as the salient pole rotor rotates. 
In a few PMFSMs, the flux focusing can be utilized and low-cost ferrite magnets 
can be implemented. A lumped parameter magnetic circuit model of a 12S-10P PMFSM 
is established and the design parameters are optimized. The flux-linkage waveform of a 
PMFSM is bipolar and the back-emf waveform can be designed to be sinusoidal although 
concentrated stator winding is employed. The torque production relies on the doubly 
saliency of both stator and rotor. However, the torque results predominantly from the PM 
excitation torque whereas the reluctance torque is usually small [8]. In the conventional 
PMFSM, the stator copper area is significantly reduced since both the PMs and armature 
coils are housed in the stator with high PM volume employed. 
 
 
 
 
 
 
 
 
 
Figure 2.3 Principle operation of PMFSM 
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2.4  Field Excitation Flux Switching Machine (FEFSM) 
 
The PM excitation on the stator of conventional PMFSM can be easily replaced by DC 
FEC to form field excitation flux switching machine (FEFSM) as shown in Fig. 2.4. In 
other words, the FEFSM is a form of salient-rotor reluctance machine with a novel 
topology, combining the principles of the inductor generator and the SRMs. The concept 
of the FEFSM involves changing the polarity of the flux linking with the armature 
winding, with respect to the rotor position. Early examples of single-phase 4S-2P FEFSM 
that employs with a DC FEC on the stator, a toothed-rotor structure and fully-pitched 
windings on the stator is shown in Fig. 2.4(a). From the figure, it is clear that two armature 
coil and FEC winding share placed in the stator which overlapped each other. The viability 
of this design was demonstrated in applications requiring high power densities and a good 
level of durability.  The novelty of the invention was that the single-phase ac configuration 
could be realized in the armature windings by deployment of DC FEC and armature 
winding, to give the required flux orientation for rotation. The torque is produced by the 
variable mutual inductance of the windings. The single-phase FEFSM is very simple 
motor to manufacture, coupled with a power electronic controller and it has the potential 
to be extremely low cost in high volume applications. Furthermore, being an electronically 
commutated brushless motor, it inherently offers longer life and very flexible and precise 
control of torque, speed, and position at no additional cost. 
 
 
Figure 2.4 Example of FEFSMs (a) 1-phase 4S-2P FEFSM 
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The operating principle of the FEFSM is illustrated in Fig. 2.5. Fig. 2.5 (a) and (b) 
show the direction of the FEC fluxes into the rotor while Fig. 2.5 (c) and (d) illustrate the 
direction of FEC fluxes into the stator which produces a complete one cycle flux. Similar 
with PMFSM, the flux linkage of FEC switches its polarity by following the movement 
of salient pole rotor which creates the term “flux switching”. Each reversal of armature 
current shown by the transition between Fig. 2.5(a) and (b), causes the stator flux to switch 
between the alternate stator teeth. The flux does not rotate but shifts clockwise and counter 
clockwise with each armature-current reversal. With rotor inertia and appropriate timing 
of the armature current reversal, the reluctance rotor can rotate continuously at a speed 
controlled by the armature current frequency. The armature winding requires an 
alternating current reversing in polarity in synchronism with the rotor position. For 
automotive applications the cost of the power electronic controller must be as low as 
possible. This is achieved by placing two armature coils in every slot so that the armature 
winding comprises a set of closely coupled (bifilar) coils. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Principle operation of FEFSM (a) θe=0° and (b) θe=180° flux 
moves from stator to rotor (c) θe=0° and (d) θe=180° flux moves from 
rotor to stator 
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2.5  Hybrid Excitation Flux Switching Machine (HEFSM) 
 
 
Hybrid excitation flux switching machines (HEFSMs) are those which utilize 
primary excitation by PMs as well as DC FEC as a secondary source. Conventionally, 
PMFSMs can be operated beyond base speed in the flux weakening region by means of 
controlling the armature winding current. By applying negative d-axis current, the PM 
flux can be counteracted but with the disadvantage of increase in copper loss and thereby 
reducing the efficiency, reduced power capability, and also possible irreversible 
demagnetization of the PMs. Thus, HEFSM is an alternative option where the advantages 
of both PM machines and DC FEC synchronous machines are combined. As such 
HEFSMs have the potential to improve flux weakening performance, power and torque 
density, variable flux capability, and efficiency which have been researched extensively 
over many years [9]. 
Various combinations of stator slots and rotor poles for HEFSMs have been 
developed as illustrated in Fig. 2.6. Fig. 2.6 shows a 6S-4P HEFSM in which the active 
parts are arranged in three layers in the stator. The inner stator consists of the armature 
windings, followed by the FECs in the middle layer, while the PMs are placed in outer 
stator. However, the machine has low torque density and long end winding for the DC 
FECs, which overlaps the armature windings, and increase copper loss. It should be 
emphasized that the flux regulation capability of the machine can be simply controlled by 
adjusting the PM length in radial direction. 
The foregoing HEFSMs having magnets on the stator also suffers from one of 
three disadvantages of the DC FEC is in series with the field excited by PMs, which limits 
the flux adjusting capability due to low permeability of the PM, Fig. 2.6. 
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The operating principle of the proposed HEFSM is illustrated in Fig. 2.7, where 
the red and blue line indicate the flux from PM and FEC, respectively. In Fig. 2.7(a) and 
(b), since the direction of both PM and FEC fluxes are in the same polarity, both fluxes 
are combined and move together into the rotor, hence producing more fluxes with a so 
called hybrid excitation flux. Furthermore in Fig. 2.7(c) and (d), where the FEC is in 
reverse polarity, only flux of PM flows into the rotor while the flux of FEC moves around 
the stator outer yoke which results in less flux excitation. As one advantage of the DC 
FEC, the flux of PM can easily be controlled with variable flux control capabilities as well 
as under field weakening and or field strengthening excitation. Overview of various FSM, 
design and performance features, various machine topologies, variable flux capability as 
well as their relationships with doubly-salient PM machines and flux reversal PM 
machines are also been discussed in. The advantages and disadvantages of FSM discussed 
in this chapter are listed in Table 2.1. 
 
 
 
 
 
Figure 2.6 Example of HEFSM 6S-4P HEFSM 
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Table 2.1 Advantages and disadvantages of FSM 
Advantages Disadvantages 
(i) Simple and robust rotor structure 
suitable for high speed applications 
(i) Reduced copper slot area in stator 
(ii) Easy to manage magnet temperature 
rise as all active parts are located in the 
stator 
(ii) Low over-load capability due to heavy 
saturation 
(iii) Flux focusing / low cost ferrite 
magnets 
can also be used 
(iii) Complicated stator 
(iv) Sinusoidal back-emf waveform which 
is suitable for brushless AC operation 
(iv) Flux leakage outside stator 
 (v) High magnet volume for PMFSM 
 
 
 
 
13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 The operating principle of the proposed HEFSM (a) θe=0° - more 
excitation (b) θe=180° - more excitation (c) θe=0° - less excitation (d) θe=180° - 
less excitation. 
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2.6  Operating Principles of ORHEFSM  
 
 
 
 
 
 
 
 
 
 
 
 
 
The concept of PMFSM was first introduced in the middle of 1950’s, while for the 
HEFSM was introduced in year 2007. The term “flux switching” is introduced due to the 
changing of the polarity of the flux linkage by following the motion of salient pole rotor. 
The flux source of PMFSM is only come from the PM, whereas for the HEFSM is come 
from two sources which are PM and DC field winding. In both cases, all the active parts 
are located on the stator with the armature and PM (DC field winding) allocated to 
alternate stator teeth. The advantage of this machine is robust rotor structure that suitable 
for high speed applications. In addition, the FEC can be used to control the generated flux 
with variable capabilities. In the proposed ORHEFSM, the possible number of rotor pole 
and stator slot is defined by, 
 
 
   1  	
 ……………………….(1) 
 
 
Figure 2.8 Principle operation of ORHEFSM (a)θe = 0º (b) θe = 180º more excitation, 
(c) θe = 0º (b) θe = 180º less excitation 
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where Nr is the number of rotor poles, Ns is the number of stator slots, k is the natural 
number, and q is the number of phases. For the proposed motor, q = 3, Ns = 6. 
In this proposed motor, the motor rotation through 1/Nr of a revolution, the flux 
linkage of armature has one periodic cycle and thus, the frequency of back-emf induced 
in the armature coil is Nr times of the mechanical rotational frequency. In general, the 
relation between the mechanical rotation frequency, fm and the electrical frequency, fe for 
the proposed machine can be expressed as, 
 
   ∙     ……………………….(2) 
 
Where fe is the electrical frequency, fm is the mechanical rotation frequency and Nr is the 
number of rotor poles respectively. The operating principle of the proposed ORHEFSM 
is illustrated in Fig. 2.8. The single piece of rotor is shown in the upper part that make the 
motor more robust which similar to SRM, and the stator is presented in the lower part, 
where the PM, FEC, and armature coil are located. The PM and FEC is put between two 
stator poles to generate excitation fluxes that creates the term of “hybrid excitation flux”. 
In Fig. 2.8(a) and (b), its demonstrate that the flux generated by PM and FEC are flows 
from the stator into the rotor and from the rotor into the stator, respectively to produce a 
complete one flux cycle. The combine flux generated by PM and FEC established more 
excitation fluxes that capable to produce higher torque of the motor. When the rotor moves 
to the right, the rotor pole goes to the next stator tooth, hence switched the magnitude and 
polarities of the flux linkage. The flux does not rotate but shifts clockwise and 
counterclockwise direction with each armature current reversal. According to Fig. 2.8(c) 
and (d), only the PM flux flows from the stator into the rotor and from the rotor into the 
stator, respectively, while the FEC flux is only circulating on its particular winding. This 
condition established less excitation flux and generates less torque. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
CHAPTER 3 
 
 
 
 
DESIGN METHODOLOGY 
 
 
3.1  Design Parameter 
 
 
To conduct the simulation of the finite element analysis (FEA) of the studies motor, the 
design study is conducted based on 2D-FEA using JMAG-Designer ver. 13.0 released 
by Japan Research Institute (JRI). The initial structure and dimensions of the 6Slot-
7Pole ORHEFSM are illustrated in Fig. 3.1 and Table 3.1, respectively. Furthermore, the 
design restrictions and specifications are similar as interior permanent magnet 
synchronous motor (IPMSM) installed in Toyota Lexus RX400h as depicted in Table 
3.2 [10]. 
The proposed motor consists of 6 PMs and FECs winding which allocated 
uniformly in the midst of each armature coil slot around the stator. The three phase 
armature coils are accommodated in each ¼ of the stator body periodically resulting the 
machine having 12 stator teeth. As the rotor rotates, the fluxes generated from PMs and 
FECs are linked with the armature coils. The material used for PM is NEOMAX 35AH 
with residual flux density and coercive force at 20 º are 1.2T and 932 kA/m, 
respectively. The electromagnetic steel, 35H210 is used for the rotor and the stator core.  
Initially, the 30º mechanical angle of stator yoke is designed with the following 
assumptions; (i) The inner radius is set to 30 mm for the motor’s shaft while the outer 
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radius is set to 110.6 mm, making the stator depth of 80.6 mm which is 61% of 132 mm 
motor radius and within the range of general machine split ratio, (ii) The PM volume is 
set to 1.0 kg, which is less 0.1 kg compared with the PM used in IPMSM. The reason is 
to reduce the PM cost due to the increasing price of PM since 2011, (iii) By expecting 
that the higher of the PM depth will give more flux to flow and increase the motor 
performances, therefore the PM depth is set to 29.7 mm which is approximately one 
third of stator depth. However, demagnetization effect needs to be taken into 
consideration when higher PM depth is applied especially at the edge of the PM, The 
FEC slot area is set to 385.7093 mm2 to give a maximum current density, Je of 30 
A/mm2 with 116 turns of FEC winding. The FEC slot depth is less than the PM depth to 
give an appropriate distance between two FEC slots area for the flux to flow in this area, 
the depth of armature slot area is set similar to the PM depth in order to avoid 
overlapping between armature coil winding and FEC winding.  
Therefore, it is expected that the motor will use shorter coil end winding and so 
reduces copper loss effect. Besides that, the initial for 51.42817º mechanical angle of 
rotor iron is designed with the following assumptions; (i) The air gap is set similar as the 
IPMSM which is 0.8 mm, hence the outer rotor radius becomes 111.4 mm and this gives 
a rotor depth of 20.6 mm, (ii) The rotor pole depth is set to 10.3 mm which is half of the 
rotor iron depth to allow the flux flow easily through the outer rotor pitch, (iii) The rotor 
pole arc width is set to be similar with the rotor pole gap to allow optimal flux flows into 
the rotor pitch. 
In this propose outer rotor 6Slot- 7Pole ORHEFSM study, the performances of 
the motor are investigated based on flux path of the PM and FEC, Torque and Power 
versus FEC and speed, and Load Analysis. Design parameters of the machine are shown 
in Fig. 3.2.  Firstly, the area of armature coil slot and FEC slot are calculated from Eq. 
(3) and Eq. (4) to give the optimum number of turns [11]. In this work, the motor 
parameters are divided into two groups, namely, those related to stator iron core and 
rotor iron core. On the stator iron core, it is subdivided into three components which are 
the PM shape, FEC slot shape, and armature slot shape. The rotor parameters involved 
are the outer rotor radius (D1), rotor pole depth (D2), and rotor pole arc width (D3). The 
distance between air gap and PM is (D4). The PM slot shape parameters are the PM 
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Figure 3.2 Parameter of initial design 
depth (D5), and the PM width (D6), while for the FEC slot parameters are FEC slot 
depth and FEC slot width, (D7) and (D8) respectively. Finally, the armature coil 
parameters are armature coil slot depth (D9) and the armature coil slot width (D10).  
 
 
Figure 3.1 Initial design structure of ORHEFSM6S-7P 
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Table 3.1 Design Parameters for the Proposed ORHEFSM 
Parameter Descriptions Initial 
D1 Rotor outer radius (mm) 110.6 
D2 Rotor pole depth (mm) 10.3 
D3 Rotor pole arc width (°) 23 
D4 Distance between airgap and 
PM (mm) 
0.8 
D5 PM depth (mm) 30 
D6 PM width (mm) 5.26 
D7 FEC slot depth (mm) 23.88 
D8 FEC slot width (mm) 16 
D9 Armature coil slot depth (mm) 29.7 
D10 Armature coil slot width (mm) 10 
 
 
Table 3.2 ORHEFSM Design Restrictions and Specifications 
Descriptions  IPMSM  ORHEFSM  
Max. DC-bus voltage inverter (V)  650  650  
Max. inverter current (Arms)  360  360  
Max. current density in armature coil, Ja 
(Arms/mm2)  
30 30 
Max. current density in FEC, Je (A/mm2)  30 30 
PM weight (kg)  1.1 1.0 
Maximum torque (Nm)  333 > 333 
Maximum power (kW)  123 > 123 
Machine weight (kg) 35 < 35 
Power density (kW/kg) 3.5 > 3.5 
 
20 
 
 
 
Figure 3.3 Work Flow of Design Implementation 
  
                                  (3) 
                           (4) 
3.2  Design of Outer Rotor HEFSM 6S-7P using JMAG. 
 
 
JMAG is simulation software for the development and design of electrical devices. 
JMAG incorporates simulation technology to accurately analyze a wide range of 
physical phenomenon that includes complicated geometry, various material properties 
and the heat and structure at the center of electromagnetic fields. Besides, JMAG is also 
being used for the development of drive motors for electric vehicles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Start 
Run and Simulate 
Set the mesh & study 
properties 
Set  the circuits 
Set the conditions 
Set materials 
Start 
Sketch of Rotor 
Sketch of Stator 
Sketch of Armature coil 
Sketch of Permanent 
magnet 
End 
End 
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 Geometry editor is used to design each part of motor separately such as rotor, 
stator, armature coil (AC), and permanent magnet (PM) while the condition setting and 
simulation are developed by using JMAG-Designer. Using geometry editor (JMAG 
DESIGNER Version 13.0) the cross sectional view and corresponding parameters of 6S-
7P ORHEFSM as stated in Figure 3.1 and Table 3.1 respectively is observed at the cross 
section of 30°.  
 First the 30° stator as shown in figure 3.4 (a) is draw following the parameters in 
Table 3.1. After the fraction of the rotor is drawn the region is created as in Figure 3.4 
(b). The region is then mirror and copy to produce a stator of 60° in Figure 3.4 (c). Using 
region pattern toolbars to make a complete stator, the setting is set to 6, thus will 
produce the complete stator as Figure 3.4 (d). Step above is repeat for production of 
FEC, PM, outer rotor and armature coil by referring to Figure 3.4, Figure 3.5, Figure 3.6, 
Figure 3.7 and Figure 3.8 respectively. 
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Figure 3.4 Steps in a stator design (a) fraction of stator is drawn (b) Region create 
(c) Stator duplicate using mirror (d) Stator duplicate using radial pattern 
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Figure 3.5 Steps in a FEC design (a) fraction of FEC is drawn (b) Region create 
(c) FEC duplicate using mirror (d) Stator duplicate using radial pattern 
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Figure 3.6 Steps in a PM design (a) fraction of PM is drawn (b) Region create 
(c) PM duplicate using mirror (d) PM duplicate using radial pattern 
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